An autonomous positioning method is introduced in this study. When the signals of navigation satellites are under disturbance or even the position of the vehicle cannot be covered by navigation satellites, the vehicle's position (longitude and latitude) can be obtained accurately through the presented method. Three apparatus are involved in this study, a precise time device, a star sensor, and a dual-axis inclinometer. Data from the three devices are integrated and putted into a measurement model to determine the vehicle's position. To determine the rotation matrix between the star sensor measuring reference frame and the inclinometer measuring reference frame, a calibration method based on QUEST is proposed. The night sky experiments show that the autonomous positioning system can achieve high accuracy of 0.0002 degree in longitude and latitude respectively by continuous multiple measurements.
INTRODUCTION
Generally speaking, the location of a vehicle is determined by its navigation system. In some cases, the system may lose its connection with the ground-support equipment; thereby a completely autonomous navigation system is needed. The two dominating methods of autonomous navigation are inertial navigation and celestial navigation. 1 Though inertial navigation is of autonomy and good short-term accuracy, its usage as a stand-alone navigation system is limited due to the time-dependent growth of the inertial sensors imperfections. 2 Celestial navigation, which is based on astronomical observations, is becoming a preferable navigational choice. It is characterized by its high navigation accuracy, low error accumulation over time and strong anti-interference ability.
Celestial sensors are the primary components of celestial navigation. 3, 4 Among all the celestial sensors, star sensors can supply the most accurate attitude information and have been widely used to determine the attitudes of vehicles (e.g., 5 spacecraft, 6 ships, and 7 missiles). If there is a feasible method which can realize attitude and position determination simultaneously, the costs of volume, weight, and power consumption for navigation will be decreased significantly. 8 positioning while used alone. Some researchers attempt to utilize other devices to provide information of geocentric vector. Then determination of position can be achieved through certain information fusion methods. These devices could be 9 gravity pendulums, 10 laser level measuring devices, 11 and inclinometers. In this paper, an autonomous location determination method, which employs a star sensor, a dual-axis inclinometer and a precision clock, is introduced. The method has the advantages of easy usability and high positioning accuracy. It can be used as the autonomous navigation system of aviation, nautical navigation, and ground navigation. In addition, it can be used as the autonomous navigation system of lunar rover and mars rover.
MEASUREMENT MODEL
If a vector that passes through the geocenter and the vehicle's position can be determined, the intersection of this vector and celestial sphere is the vehicle's position. To obtain a vector like that, a measurement model is established as shown in figure 1 . Assuming the position of the vehicle is at ' O , and then the desired vector is A will be determined by a calibration method based on QUEST.
Time system
Herein a method of calculating I E A using the time information output from the precise clock is introduced. 12 The calculation formula of I E A is: 
Where, U T is Julian century, GMST is Greenwich mean sidereal time, ε is obliquity of the ecliptic, ψ ∆ is nutation in longitude. 13 The calculation formulas of ( ) R t , (t) P , and ( ) N t are (5), (6) , and (7) respectively. 
Where, α , δ , ψ are the attitude angles. 
Inclinometer Measurement model
Through this model a method to calculate H Q A is provided using data output from inclinometer. The inclinometer used in this paper has two measuring axes which can measure the angles ( x θ , y θ ) between these measuring axes and the horizon plane. A measurement model is established as shown in figure 2(b 
Where, tan tan arcsin( ) 
Establish at least two equations like this and integrate all the established equations, we can get (11).
, (11) can be written as (12), 
EXPERIMENT & RESULT
To obtain precise time information, a GPS receiver is used in the experiment system. It should be noted that the GPS receiver can be replaced by any other devices that can provide exact time information. In the experiment of this paper, we use GPS receiver to provide not only time information but also the position information which is used to calculating B Q A and verify the positioning system. A recent developed star sensor with accuracy of 2.2" (3σ) and update rate of 5Hz is used herein to output attitude in quaternion format. The inclinometer can measure dual-axis angles of inclination. Its accuracy is better than 0.001" (RMS) and its update rate is 50Hz. Each frame of the attitude information output from the star sensor contains a time stamp with accuracy of millisecond level. The data acquisition system adopts FPGA for data acquisition and processing. To accomplish data synchronization of the star sensor and the inclinometer, an extra time module is added to the design program and this module can achieve millisecond-level time counting. The millisecond-level time is used for time calibration of the star sensor and real-time data packaging of the inclinometer. Furthermore, an interpolation algorithm is adopted to obtain synchronized inclinometer's data corresponding to data of star sensor at any time. The design diagram is shown in figure 3 (a) .
In order to make sure that the mechanical structures of the star sensor and the inclinometer are approximately parallel. These two devices are mounted on a finely machined plate and their baselines of housing are roughly aligned, as shown in figure 3 (b) . However the deviation between B F and Q F cannot be eliminated completely and can be represented by Q B A which should be determined by calibration.
(a) (b) Figure 3 . System configuration (a) Design diagram (b) Assembly demonstration.
The experiment system is placed at 3 different positions and the distances between any two of these positions are about 40m. Data are collected during a 60-min traverse at each position. Utilizing the collected data, longitude and latitude can be calculated according to the measurement model. Each point-in-time in the data frame of the star sensor corresponds to a set of results consist of longitude and latitude. The results are plotted as scatterplots, as shown in figure 4(a) , where "+" represents the average value of all the results. The scatterplots in the three different colors correspond to the experiment results of the three positions respectively. Figure 4(b) shows the positioning error which is estimated by (13) ,
Where, λ , ϕ stand for the measured longitude and latitude respectively; the positioning error is defined by λ ∆ , ϕ ∆ in this paper; λ , ϕ represent the average values of λ and ϕ respectively; 0 λ , 0 ϕ are the relative true value measured by GPS receiver. In figure 4(b) , the "+" of each color are close to a "*" which represents the true value of each position.
In figure 4 (a) the scatterplots in the three colors, though overlap with each other, their distinctions can still be made out. In addition, each "+" is very close to a corresponding "*" as shown in figure 4(b) . These indicate that accurate longitude and latitude can be obtained at different observational positions, though these positions are close to each other. Furthermore, the positioning accuracy of continuous multiple measurements can reach 0.0002 degree, and the standard deviations of longitude and latitude are less than 0.0006 degree and 0.0005 degree respectively. 
CONCLUSION
Autonomous positioning based on star sensor and inclinometer is described in this paper. The system employs a star sensor, an inclinometer and a GPS receiver. The vehicle's position information is obtained by integrated processing data of attitude, inclination angle and time. Also a calibration method based on QUEST is proposed. The outdoor experiment demonstrate that the accuracy of longitude and latitude can reach 0.0002° through continuous multiple measurements.
There are still some ways to further improve positioning accuracy, such as utilizing star sensor and inclinometer with higher accuracy, and the compensating atmospheric error, earth oblateness, etc. The follow-up work will be conducted in depth with respect to these points.
